A multiplex real-time PCR assay was developed using molecular beacons for the detection of Vibrio cholerae by targeting four important virulence and regulatory genes. The specificity and sensitivity of this assay, when tested with pure culture and spiked environmental water samples, were high, surpassing those of currently published PCR assays for the detection of this organism.
The continual wave of outbreaks and pandemics all over the world caused by the bacterium Vibrio cholerae is a steady reminder of the immense importance of cholera as a global threat and a major public health problem (28) . The disease may become life-threatening if appropriate therapy is not undertaken quickly; hence, fast, accurate, and sensitive detection of this organism is of foremost importance.
The use of PCR as a reliable molecular-biology-based technology has been reported for the detection of a variety of organisms. Although a significant number of PCR detection assays have been reported for V. cholerae, these reports mostly describe conventional, time-consuming, and laborious methods of PCR product characterization (1, 2, 4-6, 8, 11-15, 17, 19, 21-26) . Real-time PCR analysis enables the detection of reaction products through fluorescence, which is faster and more sensitive. However, published real-time PCR assays for V. cholerae are few (9, 10, 16) and have limitations in sensitivity or detect no more than two genes simultaneously. Molecular beacons (MB), due to their stable stem-and-loop structure, have been demonstrated to be significantly more specific than dyes such as SYBR green I and other types of probes. The assay described here utilizes MB for the highly sensitive detection of four important V. cholerae genes by multiplex real-time PCR.
This assay was developed through significant modification of our previously developed fourplex real-time PCR assay, which used SYBR green I for detection (10) . Three of the four targets were taken from the previously described assay: rtxA, epsM, and tcpA (10) . The fourth gene target, ompW, was incorporated to replace the mshA target. It has been proposed that all V. cholerae strains, both toxigenic strains and nontoxigenic environmental isolates, contain this conserved gene sequence (19) . As previously reported, the exploitation of a 68-bp deletion in tcpA within classical biotypes could give an indication of the presence of the El Tor/O139 biotype (10) . Collectively, the four unique gene targets cover a range of gene sequences essential for the virulence and survival of V. cholerae.
The 51 bacterial strains used in this study (Table 1) were grown, and the DNA template was prepared, as described previously (10) . Tenfold serial dilutions with the equivalent of 1 to 1 ϫ 10 5 CFU of V. cholerae and 1 ϫ 10 5 CFU of all the other bacterial species were then added directly to the PCR mixtures in order to determine the sensitivity and specificity of the assay.
The primers for the newly incorporated ompW target (forward, AACATCCGTGGATTTGGCATCTG; reverse, GCTG GTTCCTCAACGCTTCTG) produced an amplicon of 89 bp and were used at a final concentration of 0.40 M. The design and optimization of the other three primer pairs have been described previously (10) . To enable simultaneous detection, each of the beacons was labeled with a different fluorophore ( Table 2) . Initially, each of the four primer pairs and molecular beacons was individually assessed. Following this, each individual assay was incorporated stepwise to form a single, optimized multiplex assay capable of the simultaneous real-time PCR detection of all four target sequences in a single reaction.
The results obtained for the analysis of all 51 strains using the developed multiplex PCR assay indicated 100% specificity for all of the V. cholerae strains examined ( Table 1 ). The only exception was the presence of a weak fluorescent signal, indicating the presence of small amounts of amplified product, for the ompW sequence with the two V. mimicus strains. This signal, however, appeared late in the amplification protocol, and upon the addition of fewer cells (1 ϫ 10 3 CFU), the signal was no longer detected, indicating that the amplified product was not specific. Since limited genetic sequence data are publicly available for V. mimicus, it is not possible to preclude the presence of a similar gene in this organism. The rtxA, epsM, and ompW gene targets were detected in all of the V. cholerae strains, and the El Tor-type tcpA gene target, as previously reported, was correctly detected only for the O1 El Tor and O139 strains (10) . PCR analysis of the non-O1 isolate failed to generate a product for the El Tor-type tcpA target. However, this lack of detection could be due to the fact that this strain contained a different allele of the gene (3, 7, 18, 20) .
The limit of detection of this fourplex assay, when tested by the addition of 10-fold serial dilutions of heat-lysed V. cholerae cells, was very low: the assay routinely detected as few as 5 CFU per reaction (Fig. 1 ). This sensitivity was good and in most cases significantly better than other described PCR detection limits for V. cholerae (1, 8, 11, 12, 16, 17, 24-26 ).
To determine the applicability of the multiplex assay to the detection of V. cholerae from a model environmental niche, five different environmental water samples were collected and analyzed by the multiplex PCR assay (10) . Initial PCR analysis performed directly on the collected water samples indicated that no detectable levels of naturally occurring V. cholerae were present in these samples. PCR analysis was performed directly on spiked water samples containing 10, 10 2 , or 10 3 CFU of V. Table 3 ). Analysis of water samples spiked with the mixture of non-V. cholerae Vibrio spp. resulted in the detection of a weak amplification signal, indicating small amounts of the ompW amplified product, synonymous with the findings obtained when the assay was tested using pure heat-lysed V. mimicus cells. Analysis of the samples spiked with V. cholerae resulted in the detection of the bacteria at 10 3 CFU per reaction, except for the seawater sample, which possibly inhibited the reaction due to its high salt content. In comparison, this was a 10-fold improvement FIG. 1. Representative PCR amplification profile obtained from the fourplex real-time PCR analysis of products amplified from serially diluted heat-lysed V. cholerae AI-1838. All four targets-rtxA (A), epsM (B), ompW (C), and tcpA (D)-were detected simultaneously by the four different molecular beacons. To determine the limit of detection of the assay, the dilutions contained the following CFU of V. cholerae: 1 ϫ 10 5 (■), 1 ϫ 10 4 (F), 1 ϫ 10 3 (OE), 1 ϫ 10 2 (‹), 10 (}), 5 (ᮀ), and 1 (E). ‚, negative control. The optimized multiplex PCR amplification profile consisted of 150 s at 95°C, followed by 45 cycles of three steps consisting of 30 s at 95°C, 60 s at 60°C, and 30 s at 72°C using the Smart Cycler (Cepheid, Sunnyvale, Calif.). Fluorescence signals emitted from the molecular beacon were measured at the end of each annealing step. Each analysis was repeated multiple times to ensure the reproducibility of results. over the 10 4 -CFU limit of detection for the previously described SYBR green I assay (10) . Upon the addition of 100 and 10 CFU of V. cholerae, the multiplex MB assay was capable of detecting the organism, although with some variability.
With the aim of increasing the sensitivity, DNA was extracted from the spiked water samples to remove inhibitory substances by using InstaGene Matrix (Bio-Rad) (10) . Fourplex PCR analysis of this semipurified DNA resulted in the routine detection of as few as 10 V. cholerae CFU (lower dilutions were not assessed). This was a significant improvement over the previously described SYBR green I assay, which had a detection limit of 10 3 CFU per reaction (10) . Several groups have similarly employed a DNA extraction step prior to PCR analysis of environmental water samples for V. cholerae (12, 15, 16, 23, 27) . In comparison, a major advantage of the DNA extraction method used in this study is that it can be easily adapted to filter very large volumes of water. This can effectively provide an even greater capacity to detect low numbers of V. cholerae in large volumes of water.
Through the use of molecular beacons for the simultaneous detection of four target genes, the specificity and sensitivity of this assay surpass those of the published PCR assays for the detection of V. cholerae. The application of the assay to environmental water samples suggests that the assay could be used for the sensitive and cost-effective monitoring of environmental and drinking water samples. Importantly, this assay is the first to apply molecular beacons for the detection of V. cholerae and is the first fourplex molecular-beacon real-time PCR assay published for the detection of a single bacterial species. 
